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Abstract

During the past decade, neutron reflectivity has increasingly become an important technique for the characterization of
biological and biomimetic thin films. Advancements in instrumentation, sample environment and measurement protocols now
make it possible to obtain Angstrom-level information about the composition of these materials along the axis perpendicular
to the plane of the membrane. A newly developed phase-sensitive neutron reflectivity technique now allows direct inversion of
the reflectivity data to obtain unique compositional depth profiles of the films. This review concentrates on the development of
these neutron reflectivity methods for the study of peptide and protein interactions with model membranes. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

All cells are enclosed by a biological membrane
that defines its boundaries and regulates its interac-
tions with the environment. The biological membrane
consists of assemblies of lipid and protein molecules.
The lipid molecules form a continuous double layer,
or bilayer, which acts as a barrier to water-soluble
molecules and provides the framework for the incor-
poration of the protein molecules. Specialized pro-
teins embedded in lipid bilayers participate in fusion
events between cells (i.e. triggered by viruses), regu-
late ion transport through pores and channels (.e.
neural activities), engage in enzymatic activity at
membrane surfaces, and play a role in biological
signaling (i.e. receptor proteins activated by hor-
mones).

Cell membranes are sufficiently complicated that
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they cannot be duplicated in the laboratory for study.
Thus, model biological, or biomimetic membranes,
which are simpler than cell membranes but mimic
their structure and function, are used to study these
complicated systems. These systems can consist of
lipid monolayers at the air/water interface or planar
lipid bilayer systems supported on substrates at the
solid /water interface. In both cases, the model sys-
tems must be capable of interacting with membrane
peptides and proteins. The development of measure-
ment tools for probing the structure and function of
these engineered membrane mimics and the cell
membrane components incorporated into them is es-
sential for the optimization of their biomimetic char-
acter. Over the past decade, the neutron reflectivity
technique has been increasingly used to assist in the
structural characterization of biomimetic membranes
that are in contact with water.

The neutron reflectivity technique has been
thoroughly described in the context of the characteri-
zation of condensed matter thin film systems at inter-
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faces [1-4]. The specular reflection of neutrons, R(Q),
in which the angle of reflection is equal to the angle
of incidence, is defined as the intensity of the specu-
larly-reflected beam divided by the intensity of the
incident beam. Here, Q = (4w /N\)sin 0, where \ is the
incident neutron wavelength and 6 is the angle of
incidence relative to the plane of the film. The mea-
sured reflectivity, R(Q), is given by [r(Q)|*, where
r(Q) is the complex reflection amplitude. Thus, the
phase information is lost in a typical measurement of
R(Q).

The neutron scattering length density (SLD) profile
of a film, often represented by p(z), is a function of
film depth, z. For a given layer defined over a range
of z values, the SLD is defined as the sum of the
coherent neutron scattering lengths of all of the atoms
in that layer, divided by the volume of the layer. Thus,
the SLD profile is a continuous function of z that
relates directly to the chemical composition of the
film. For this reason, it is sometimes termed a compo-
sitional depth profile.

While 7(Q), and thus R(Q), can be calculated
exactly from the SLD profile of a film, the SLD profile
cannot be obtained directly from the measured R(Q).
Thus, data fitting methods are usually used to obtain
SLD profiles that are consistent with the reflectivity
data. Both standard model-dependent fitting methods,
using stepped functions based on the theoretical lipid
composition, and model-independent fitting methods,
using randomly generated smooth functions repre-
sented, for example, by parametric B-splines [5], are
used for this purpose.

An advantage in using neutron reflectivity for the
study of biological systems is that neutrons are sensi-
tive to the light elements, such as carbon, hydrogen,
nitrogen and oxygen, which are so important in these
materials. Furthermore, neutrons are sensitive to iso-
topic differences in these elements. Thus, a simple
substitution of deuterium for hydrogen can substan-
tially alter the SLD profiles of biological films, while
having minimal effect on their biochemistry. By mak-
ing several reflectivity measurements on the same
system, but with different components deuterated, a
more accurate model structure can be determined,
since it must be consistent with all of the reflectivity
data sets simultaneously. This ‘contrast variation’
method is used widely in the characterization of
biomimetic films and its importance would be difficult
to overstate.

This article covers the early neutron reflectivity
studies of lipid monolayers and bilayers and describes
subsequent efforts to improve the measurement tech-
nique in order to measure Angstrom-level details
within the structures. The remainder of the paper
then concentrates on the study of peptide/protein

interactions with biomimetic membrane systems using
neutron reflectivity. Finally, a newly developed
phase-sensitive neutron reflectivity technique which
allows the measurement of the reflection amplitude
directly is described.

2. Early neutron reflectivity measurements of lipid
monolayers and bilayers

In the early 1990s, the first specular neutron reflec-
tivity experiments were performed on hydrated lipid
monolayers and bilayers. The sensitivity of neutrons
to hydrogen and the use of contrast variation gave the
neutron reflectivity technique an advantage over X-ray
reflectivity, especially in the quantification of the hy-
dration of the lipid headgroups. One such experiment
[6°] involved the measurement of mixed chain-de-
uterated dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylglycerol (DMPG) monolayers
at the air /water interface as a function of lipid phase.
The lipid mixture was measured in both D,O and in a
mixture of H,O/D,0 such that the SLD matched
that of the air. The results indicated that a substantial
change in lipid headgroup structure accompanied the
well-known change in the acyl chain region structure
that occurs when the lipids undergo a phase transition
from the condensed (gel) state to the expanded (liquid
crystalline) fluid state. It was concluded that the car-
boxyl bonds of the glycerol backbone are hydrated in
the fluid state, a finding widely accepted today.

Another early work [7] on lipid monolayers at the
air /water interface showed that X-ray and neutron
reflectivity used together is another form of contrast
variation that can be used to obtain a detailed picture
of the interface structure. Both neutron and X-ray
reflectivity measurements were performed on dipalmi-
toylphosphatidylcholine (DPPC) monolayers in the gel
state at the air/water interface. Chain-deuterated
lipid was used for the neutron reflectivity measure-
ments, at lateral pressures at which isotope effects are
negligible, and the neutron reflectivities were mea-
sured from the monolayer in contact with water of
different isotopic compositions. The resultant model
structure, which fit both the neutron and X-ray data,
showed that the thickness of the headgroup and num-
ber of water molecules associated with the region are
both larger than those values obtained for multibilay-
ers. A similar result was later found for supported
DPPC bilayers [8] in contact with aqueous solution.

The first neutron reflectivity study of a single lipid
bilayer in aqueous solution [9®] was performed on
chain-protonated and chain-deuterated DMPC bilay-
ers adsorbed from vesicles onto a planar quartz sub-
strate. The measurements were made at two different
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temperatures in order to measure the bilayer above
and below the main phase transition temperature of
the lipid. Solutions of different SLD were used in
order to measure the bilayers at different contrasts.
The resultant model structure satisfied all of the data.

Interestingly, the results showed that a 30 + 10 A
water layer separated the bilayer from the silicon
substrate, independent of the lipid phase. Structural
details obtained for the bilayer in both phases agreed
with those found for vesicles and multibilayers. The
use of a chain-deuterated and chain-protonated
DMPC bilayer, mixed so that the SLD of the acyl
chains matched that of the quartz, allowed for an
independent determination of the lipid headgroup
structural parameters.

Subsequent to these early experiments, efforts were
made to improve the resolution of the neutron reflec-
tivity technique, and thus increase the sensitivity of
the measurements to structural details on the order
of a few Angstroms. Using a novel experimental setup
[10°], reflectivities out to Q = 0.25 A~! were mea-
sured from a model biological membrane containing
components from the outer membrane of Neurospora
crassa mitochondria. This represented an improve-
ment of a factor of 2 in Q-range from the earliest
lipid bilayer experiment [9°].

This new experimental setup was used to study
DPPC phospholipid bilayers adsorbed onto planar
silicon substrates from vesicles in solution [8]. Both
chain-deuterated and chain-protonated lipids were
used and the kinetics of vesicle adsorption were moni-
tored by recording the reflectivity at a fixed Q value.
A water layer was found between the silicon substrate
and the lipid bilayer, as in the previous lipid bilayer
experiment [9°]. Structural parameters agreed with
those found in the literature for multibilayer systems,
except that the lipid headgroup region in the single
bilayer appears to be slightly thicker, and more hy-
drated, than found in the multibilayer experiments, in
support of the early result on DPPC monolayers at
the air/water interface [7].

Recently, robust, stable and reproducible double
bilayers have been deposited at the solid /liquid inter-
face [11*®], providing a promising scaffold for the
study of membrane peptide/lipid interactions in a
more biomimetic environment. Both DPPC and dis-
tearylphosphatidylcholine (DSPC) double bilayers
were deposited on silicon (111) surfaces, using a com-
bination of the Langmuir-Blodgett and Lang-
muir—Schaeffer techniques [12]. The segond bilayer
was found to be floating freely 20-30 A above the
first. This lipid arrangement is particularly interesting
since it may be able to support transmembrane pro-
teins which do not have large extramembrane do-
mains protruding below the upper bilayer.

3. Peptide / protein interactions with lipid monolayers
at the air / water interface

Early experiments of peptide interactions with lipid
monolayers involved the study of streptavidin binding
to biotinylated lipid monolayers at the air/water in-
terface [13—15]. The lipid monolayers at the air /water
interface were either biotinylated dipalmitoylphos-
phatidylethanolamin (biotin-DPPE) or mixtures of bi-
otin-DPPE and DMPC. The protein layer thickness,
area per protein molecule and number of water
molecules per protein molecule could be quantified
on a molecular length scale using the neutron reflec-
tivity technique. The last in this early series of experi-
ments [15] studied the formation of protein layers as a
function of surface chemistry of the lipid monolayer.

A more recent experiment used neutron reflectivity
to study the adsorption of an actin-binding protein,
hisactophilin, to lipid monolayers at the air/water
interface [16°®*] at high lateral pressure. Pure
monolayers of DMPC, as well as 1:1 mixtures of
DMPC and the anionic lipid, DMPG, were used to
form the monolayer. Fully (chain and headgroup)-de-
uterated DMPC and chain-deuterated DMPG pro-
vided contrast between the lipid, protein and water.
Different solvent mixtures were used to probe the
location of native hisactophilin (DIC-HIS) and a
fatty-acid-deficient mutant (EC-HIS). It was found
that the proteins bound to the monolayer surface in
the absence of DMPG, but the charged lipids strongly
favor protein binding. On the other hand, the hy-
drophobic chains present in the DIC-HIS protein
were found to be essential for tight binding of the
protein to the monolayer in its functional orientation.

The relationship between lipid domain formation
and the electrostatic coupling of cytochrome ¢ to lipid
monolayers at the air/water interface is the subject
of a very recent combined neutron reflectivity/in-
frared reflection-absorption spectroscopy study [17°®].
The monolayer consisted of mixtures of DMPG or
dipalmitoylphosphatidylglycerol (DPPG) and DMPC
or DPPC. Both chain-protonated and chain-
deuterated lipids were used for the neutron reflectiv-
ity experiments. The purpose of the study was to
determine how protein binding to the monolayer is
affected by the composition and phase state of the
lipid mixtures. For monolayers containing 30 mol%
DMPG, the protein binding was highly dependent on
the phase state of the lipid, binding more readily to
lipids in the gel phase. This is thought to be due to
domain formation in the monolayer due to demixing
of the two lipids. This effect had already been demon-
strated for the binding of soluble proteins to sup-
ported mixed lipid bilayers [18]. The extension of the
result to lipid monolayers may lead to yet another
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method for the separation of soluble proteins from
solution.

4. Peptide / protein interactions with supported single
bilayer membranes

Single bilayer model membranes are arguably more
biomimetic than lipid monolayers, since they more
accurately represent the bilayer nature of cell mem-
branes. Supported single bilayers can be deposited on
solid flat substrates from lipids spread on a water
surface, using the Langmuir—Blodgett or Lang-
muir—Schaeffer technique [12], from vesicles in solu-
tion [19], or from both, using a combination of these
techniques [20]. Peptides or proteins can either be
introduced into the solution or incorporated into the
vesicles or lipids spread on a water surface in order to
study lipid—peptide interactions in these model mem-
brane systems.

An early example of the study of peptide interac-
tions with model membranes is an investigation of
streptavidin binding to a biotinylated lipid monolayer
spread on top of three layers of cadmium arachidate
(3CdA) that had been deposited on a gold-coated
silicon substrate [21]. The lipid layer was formed by
depositing a mixture of DPPC and biotin-DPPE onto
the 3CdA layer using the Langmuir—Blodgett—Kuhn
(LBK) technique [22] and was studied in the fluid
liquid crystalline phase. The formation of a well-
ordered protein monolayer, with the biotin portion of
the functionalized lipids embedded in the binding
pocket of the protein, was demonstrated with a com-
bination of neutron reflectivity and surface plasmon
resonance experiments. Model calculations showed
that a more detailed picture of the internal structure
of the system could only be obtained with neutron
reflectivity, since deuterated lipid molecules could be
used.

More recent work in this area [23,24°°®] has in-
volved judicious use of the contrast variation tech-
nique in order to obtain finer structural detail in
model bilayer membranes. Neutron and X-ray reflec-
tivity have been used to study the interaction between
peptides and model membrane systems consisting of
single lipid bilayers of DPPC and mixtures of DPPC
with the negatively charged lipid, dipalmitoylphos-
phatidylserine (DPPS), supported on a silicon subs-
trate. A 16 amino acid peptide, the third helix of the
Antennapedia homeodomain, p-ANTp,;_ss, was used
in these studies. By considering all of the extensive
contrast variation data simultaneously in the struc-
ture-modeling process, details on the order of 1 A
could be resolved.

In the absence of the peptide, both lipids were
found to have the same structure. A thin (5+1 A)

water layer was detected between the silicon substrate
and the bilayers. The addition of peptide to the DPPC
bilayer produced little change in thickness or rough-
ness of the bilayer. The resultant SLD profiles led to
the conclusion that the peptide is most likely segre-
gated in the holes formed due to incomplete coverage
of the substrate and does not associate with the lipid.
However, the addition of peptide in the mixed
DPPC/DPPS bilayer more than doubled the bilayer
roughness. In this case, the SLD profiles suggested
that the peptide is mainly confined to the lipid head-
groups. Thus, the peptide does not associate with the
acyl chains in either bilayer.

Other recent work [25°®] on peptide /model mem-
brane interactions has used neutron reflectivity to
study structural details in hybrid bilayer membranes
(HBMs) [26] in D,O solution in the absence and
presence of melittin. The HBMs were formed using a
modified Langmuir—Blodgett technique to deposit a
layer of chain-deuterated DMPC onto a layer of
alkanethiol that had been self-assembled on a gold-
coated silicon substrate. The alkanethiol used in this
HBM is a novel molecule in which a hydrophilic
hexaethyleneoxide moiety is incorporated between the
sulfur moiety at the gold surface and the alkane chain
[27]. Melittin, a small peptide toxin from bee venom,
is often used as a model peptide for antibiotics and
membrane proteins. This work is an extension of
earlier experiments [28°] on similar HBMs, which
represented the first neutron reflectivity experiments
on a single lipid bilayer formed with complete surface
coverage on a planar substrate.

In order to obtain Angstrom-level information
about the structure of these HBMs, improvements in
instrumentation and the sample environment were
made to allow reflectivity data to be obtained down to
1078 in reflected intensity and out to Q values as
high as 0.7 A~!. The result of these improvements
can be seen in Fig. 1, where the reflectivity data from
the HBMs in the presence and absence of melittin
are shown. The structures of the HBMs were quanti-
fied by comparing the resultant SLD profiles to pro-
files generated by molecular dynamics simulations
[29°] of similar HBMs. It was found that the alka-
nethiol layer exhibits roughness conformal with that
of the gold surface. However, this roughness does not
propagate throughout the DMPC phospholipid layer.
Rather, the more-fluid DMPC layer essentially an-
neals, smoothing out the roughness present in the
alkane region.

The SLD profiles obtained for the HBMs from the
reflectivity data using a model-independent fitting
method [5] are shown in Fig. 2. They show unequivo-
cally that the ethylene oxide region of the alkanethiol
layer is not hydrated with water from the solution.
Furthermore, it is evident that melittin does not alter
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Fig. 1. Reflectivity from thiahexaethyleneoxide-alkane /DMPC
HBMs. Measured neutron reflectivity vs. O from thiahexaethyle-
neoxide-alkane /DMPC HBMs in the presence (e) and absence (O)
of the membrane-active peptide, melittin, in contact with D,O
solution. Chain-deuterated DMPC molecules were used to increase
the contrast between the alkanethiol and phospholipid layers.

the HBM in a way that allows bulk water to penetrate
into this region. The location of melittin appears to
be primarily in the DMPC headgroups. The large
change in SLD suggests that there is significantly less
water in this region when melittin is present. How-
ever, melittin does have a significant effect on the
alkanethiol layer since it is found to be approximately
3 A thicker in the presence of melittin. This can occur
if the length of the alkane chains has increased,
presumably through a decrease in tilt angle. In spite
of the fact that SLD profiles have been determined
with unprecedented confidence and detail, the simul-
taneous presence of water and melittin in the DMPC
acyl chain region could not be ruled out in this work.
Thus, contrast variation experiments are still needed
to determine the amount of melittin and water in all
of the layers.

5. Phase-sensitive neutron reflectometry for the
measurement of biomimetic membranes

Recently, an exciting new phase-sensitive neutron
reflectivity method that allows the determination of
the compositional depth profiles of biomimetic mem-
branes from first principles, without the need for
fitting, has been reported [30®°®]. Two reflectivity data
sets were collected for identical alkanethiol/ DMPC
HBMs that were formed on gold-coated silicon and
sapphire substrates. The neutrons are incident
through the highly-transparent silicon or sapphire
substrate, which becomes the ‘fronting’ medium in
these experiments. By so varying the composition, and
thus the SLD, of the fronting medium, it is possible to

obtain the complex reflection amplitude, which in-
cludes the phase information, for the HBM. Determi-
nation of the complex reflection amplitude using this
surround variation method [31] allows the related
SLD profiles to be obtained by first-principles inver-
sion without the need for fitting or adjustable
parameters. The SLD profile obtained in this way is
ensured to be unique and it compared favorably with
that calculated from the chemical compositional pro-
file predicted by a molecular dynamics simulation of
an HBM of similar structure [29°®]. Again, it should be
emphasized that this new experimental method, which
yields exact SLD profiles, must still be combined with
the contrast variation technique to obtain information
on the location of protein and water in all of the
regions of the HBM.

6. Concluding remarks

The neutron reflectivity technique has been shown
to be an essential tool for the characterization of
biological and biomimetic thin films. Thanks to im-
provements in the experimental technique over the
last few years, it is now possible to determine accurate
compositional depth profiles with Angstrom-level de-
tail. The phase-sensitive measurement technique,
combined with contrast variation studies, promises an
unprecedented level of accuracy and detail in the
study of peptide and protein interaction with model
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Fig. 2. Neutron SLD profiles from thiahexaethyleneoxide-
alkane /DMPC HBMs. ‘Families’ of neutron SLD profiles, p(z) vs.
z, for thiahexaethyleneoxide-alkane /DMPC HBMs in the presence
(---) and absence (—) of melittin, obtained from the reflectivity
data in Fig. 1. In each case, the family of SLD profiles was obtained
from multiple fits to the data using a model-independent fitting
method [5]. Each SLD profile represents an equally good fit to the
corresponding reflectivity data. The silicon substrate is located at
z=0 A, by definition. The region representing the gold coating (0
A <z <60 A) is omitted in the SLD profiles so that the changes in
the HBM region can be observed more clearly.
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biological membranes. Such experiments are now fea-
sible and are limited only by the ability to prepare
suitable biomimetic samples with embedded proteins
or peptides.
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